This review describes the normal biology and physiology of the mammary gland in macaques, including the typical histologic appearance across the life span (development, reproductive maturity, lactation, and senescence). The molecular events regulating breast morphogenesis are described, as well as systemic and local hormonal regulators of mammary gland proliferation, differentiation, and function. Similarities and differences to the human breast are described. Regulatory events are illuminated by discussion of genetically modified mouse models. Tissue response markers, including immunohistochemical markers of proliferation and other hormonally induced changes and studies to date, regarding the effects of exogenous hormones, are briefly summarized. In general, estrogens stimulate progesterone receptor expression and proliferation in the mammary gland, and combinations of estrogens and progestogens cause greater proliferation than estrogens alone. Evaluation of novel chemical agents in macaques requires careful evaluation of age and hormonal context to avoid the confounding effects of mammary gland development, past reproductive history, and other influences on mammary gland morphology. The expression of proliferation markers and progesterone receptors may be used as biomarkers to measure chemically induced hormonal effects.
Thus, careful evaluation of the mammary glands is most important in the evaluation of drug or chemical agents that mimic sex steroids; relevant effects may be estrogenic, progestogenic, androgenic, or mediated by a novel receptor interaction or indirect mechanism. Effects of drugs and chemicals on the mammary glands change dramatically across the life span. Chemically induced mammary carcinomas in rodents are most readily induced by treatment during the period of maximal mammary gland growth, around the time of puberty (Russo and Russo 1996) . There is epidemiologic evidence from studies of women treated for Hodgkin's disease during puberty that a similar period of sensitivity exists for human beings (Clemons, Loijens, and Goss 2000) . The corresponding period of developmental sensitivity in macaques has been identified, and there are dramatic differences in the morphology and responsiveness of the mammary gland spanning the age of animals commonly used for toxicologic assessments (Wood, Hester, and Cline 2007) . The appropriate use of nonhuman primates in studies of the mammary gland requires knowledge of the normal biology, hormonal responsiveness, and developmental context.
ANATOMY
Macaques have two pectoral mammary glands. The nonlactating mammary glands are more flattened than those of nonlactating human females (Figure 1 ), but the histologic appearance is nearly identical. In macaques, as in women, the bulk of the glandular tissue lies above and lateral to the nipple, extending to the axilla. Primate breast tissues are easily studied at the subgross level by whole mount techniques ( Figure 1 ; Cameron and Faulkin 1974; Speert 1948 ). The adult gland consists of a INTRODUCTION Toxicologic pathology of the mammary gland is primarily concerned with proliferative lesions, particularly neoplasms. This reflects the concern caused by the high incidence of mammary gland cancers in the human population; in the United States, breast cancer is the most common malignancy among women (Jemal et al. 2008) . Major risk factors for breast cancer among women include age, nulliparity, or late first full-term pregnancy; the use of estrogen-progestogen hormone therapy after menopause; alcohol consumption; obesity after menopause; and family history (Evans and Howell 2007; Santen et al. 2007) . Oral contraceptive use is associated with a slight increase in breast-cancer risk for current users that dissipates within a decade after cessation of use (Casey, Cerhan, and Pruthi 2008) . Postmenopausal hormone therapy increases breast-cancer risk by approximately 50%, and that risk is clearest for combined estrogen-progestogen exposure (Collins, Blake, and Crosignani 2005) . Higher circulating androgens are associated with higher breast-cancer risk in premenopausal women (Eliassen et al. 2006 ).
branching ductal system and terminal ductal lobular units consisting of a terminal intralobular duct and surrounding alveoli, invested with myoepithelium. There is substantial individual variation in the amount and distribution of glandular tissue among individual adult animals, due both to individual variation in development and to past reproductive history. In the nonlactating breast, approximately 5% of the organ is occupied by glandular epithelial tissue, with the remaining 95% consisting of fat, fibrous connective tissue, vascular, and nervous supply; these proportions are similar to those reported for women (Cline, Register, and Clarkson 2002) . There are five to seven lactiferous ducts exiting each nipple, with varying degrees of communication between the corresponding ductal and lobular units, and occasional small clusters of glandular tissue in the nipple. The mammary gland of male cynomolgus monkeys is similar to that of females but much less developed, consisting of a small nipple and a rudimentary ductal and lobular system roughly 5 mm in diameter (Perry et al. 2007; Speert 1948) .
During lactation, the breast becomes enlarged and more prominent, and in older animals, the breast tissue may become pendulous. A thin but distinct mammary fat pad is present, with a slightly firmer texture and less yellow color than the adjacent subcutaneous fat; this distinction may be obscured in obese animals. Innervation of the gland is similar to that of the human, consisting of sensory nerves of the nipple, major lactiferous ducts, and some terminal ductal lobular units. Innervation is nearly absent in lactating tissue distant from the nipple (MacPherson and Montagna 1974). The cytokeratin profile of the macaque mammary gland is similar to that of the human and differs from that of rodents and other species (Tsubura et al. 1991 ). The nonlactating macaque mammary gland differs somewhat from the human gland in that there are more often fat droplets within secretory epithelial cells, even in the quiescent gland ( Figure 3 ). The basis for this subtle difference in breast morphology is not yet understood; macaques and humans have nearly identical reproductive physiology and milk composition (Jenness 1979; Lonnerdal et al. 1984) and lactate for a similar developmental period of their offspring (Buss 1971) .
GROWTH AND REGULATORY STIMULI IN THE BREAST
Growth and differentiation of the breast is dependent on ovarian and local production and activation of steroid hormones, the growth hormone (GH) or insulin-like growth factor (IGF) system, and secretory stimuli including prolactin and placental lactogen (Hennighausen and Robinson 2005) . Few of these regulatory processes have been thoroughly studied in the breast of macaques; where information is lacking, comparative data from humans and other animal models have been provided.
Estrogens, Progestogens, and Androgens
The development of the breast is dependent on ovarian production of steroid hormones (Sternlicht 2006 ). Furthermore, among women, the life-span number of menstrual cycles and levels of endogenous estrogens and androgens are all positively correlated with risk of breast cancer (Key et al. 2002; Yager and Davidson 2006) . Early first full-term pregnancy is protective against breast cancer in women, as it is in some laboratory species (e.g., rats) but not others (mice). The association between hormones and cancer risk is clearest in the setting of postmenopausal estrogen-progestogen hormone therapy (Chlebowski et al. 2003; Schairer et al. 2000) , but similar associations have been shown for premenopausal ovarian production of endogenous estrogens and androgens (Eliassen et al. 2006) .
Studies of mice with targeted disruption of critical receptors are instructive regarding the role of sex steroids in breast development. Estrogen receptor (ER) alpha knockout mice show only rudimentary mammary gland development (Feng et al. 2007; Mueller et al. 2002) , whereas ER beta knockout mice have relatively normal mammary glands (Forster et al. 2002) . Progesterone receptor knockout mice have a profound defect in ductal side-branching and lobular development (Lydon et al. 1996) . Mice lacking the androgen receptor also have somewhat impaired mammary gland development (Shiina et al. 2006) . Interestingly, tissue-recombinant studies have shown that in mice stromal, but not epithelial, sex steroid receptors are required for mammary growth in this species (Cunha et al. 1997 ). The critical role of estrogens and progestogens in breast development and growth in macaques has been demonstrated by anatomic and biomarker studies during development (Wood, Hester, and Cline 2007) , during the reproductive years (Stute et al. 2004) , and after menopause (Cline 2007) . Major findings in macaques are described in subsequent sections of this article.
GH/IGF Axis
Growth hormone is produced both systemically and locally within the breast in macaques and human beings, and both GHs and IGFs have a critical function in breast proliferation and differentiation (Kleinberg 1997) . Breast morphogenesis is markedly suppressed in IGF knockout mice (Ruan and Kleinberg 1999) . In macaques, hypophysectomy suppresses mammary development (Kleinberg et al. 1985) . Conversely, administration of exogenous GH to aged macaques produced mammary lobuloalveolar hyperplasia (Ng et al. 1997 ). There is some evidence for an association between local GH production and proliferative breast disorders in women (Raccurt et al. 2002) .
Prolactin
Prolactin receptor knockout mice have a failure of mammary gland development, along with a variety of other abnormalities (Kelly et al. 2001) . In contrast, prolactin is not an obligate component of mammary growth and development in macaques but is required for lactation (Kleinberg, Todd, and Niemann 1978) . Administration of the prolactin antagonist pergolide to immature macaques did not slow mammary development (Kleinberg et al. 1985) . Exogenous administration of prolactin to macaques caused a numerical but statistically insignificant increase in mammary lobular size and epithelial proliferation (Ng et al. 1997) , indicating that prolactin is not as strong a mitogen in the primate breast as steroid hormones or GH. Galactorrhea has been reported in conjunction with prolactin-producing neoplasms of the pituitary gland in macaques (Remick et al. 2006 ). The role of prolactin in human mammary gland development is uncertain; prolactin receptors can be found in the pubertal and adult mammary gland, and as for other species, prolactin is necessary for milk secretion (Ben-Jonathan, LaPensee, and LaPensee 2008).
Placental Lactogen (Somatomammotropin)
Placentally produced mammotropic peptide hormones are found in most species but differ in evolutionary origin. Humans and macaques share an orthologous GH-related placental lactogen derived via expression of four or five GH-like genes in the placenta, whereas more distant human relatives, such as prosimians, express a single GH-like gene, and marmosets express eight. The placental lactogen in rodents and ruminants, in contrast, is more closely related to prolactin than to GH (Forsyth and Wallis 2002) . The term placental lactogen may be a misnomer for primates, as deficiency of this hormone does not impair lactation in women (Forsyth and Wallis 2002) .
Intratissue Hormone Production
In addition to systemic exposures, intratissue production of sex steroids and growth factors is important. In both human and nonhuman primates (macaques), the necessary hepatic and intramammary enzymatic systems are present for conversion of precursors to more bioactive estradiol (aromatase and steroid sulfatases) and for oxidation-reduction conversions (17-beta hydroxysteroid dehydrogenases), sulfation (sulfotransferases), and glucuronidation of estrogens to move them into the large circulating reservoir of less potent estrone conjugates (Barbier and Belanger 2003; Martel et al. 1994; Stute et al. 2006 ). Thus, the amount of local estrogen exposure in the breast correlates only weakly with the serum concentration. In women (Pasqualini et al. 1996) and macaques unpublished data) , the intrabreast concentrations of estradiol are generally higher than serum concentrations.
LIFE STAGES OF THE BREAST
Estrogen exposure of the breast tissue is high in utero during breast morphogenesis. After birth, estrogen exposure declines until early puberty, when follicular development occurs for some months prior to ovulation, thus providing an estrogen-alone phase in which longitudinal ductal growth is pronounced and, to a lesser extent, lobular development begins (Wood, Hester, and Cline 2007) . With the beginning of regular ovulation the breast is exposed to cyclic patterns of estrogens and progesterone, leading to further lobular development and stromal expansion. Hormonal exposure during pregnancy brings to bear a unique pattern of placentally derived factors at high circulating concentrations including estriol, chorionic gonadotropin, placental lactogen, and progesterone, resulting in full functional differentiation of the breast. Thus, hormonal signals are not only qualitative and quantitative but also time sensitive.
Fetal/Neonatal Development
As in other species, the breast primordia arise along the "mammary line," which runs bilaterally along the torso parallel to the midline. Initial organization of the mammary gland in most species appears to be controlled by homeobox Tbox genes; spontaneous mutation of the Tbox3 gene results in a syndrome of amastia along with other developmental disorders (ulnar agenesis) in human beings (Bamshad et al. 1997) , and a similar phenotype is induced by deletion of Tbox3 in mice (Davenport, Jerome-Majewska, and Papaioannou 2003) . Other critical signaling molecules, revealed by genetic modification of mice, include fibroblast growth factor 10 (fgf10); Wnt, Erbb, neuregulin-3 (Nrg3); and Lef1 (Howard and Ashworth 2006) ; however, the degree to which these signals are critical in primates has not been explored. In the human breast, the primary bud is present by twelve weeks of gestation, consisting of a solid mass of epithelial cells continuous with the overlying skin and expressing cytokeratin 17 throughout and cytokeratins 14 and 19 basally (Jolicoeur 2005) . Small ductal structures grow downward and outward from the primary bud during fetal development, so that in humans (Howard and Gusterson 2000) and macaques (Speert 1948 ), a small branching ductal system, a few hundred micrometers in diameter, is present at birth. The role of sex steroid receptors has not been explored with respect to in utero breast development in macaques, but given the high exposure of the primate fetus to estrogens, progestogens, prolactin, and placental lactogen, it is likely that the fetal mammary gland is relatively insensitive to the stimuli concurrently causing maternal breast development. Secretory activity is common in the breast of human neonates (Howard and Gusterson 2000) , but this phenomenon has not been explored in macaques. Developmental disorders of the breast have not been fully described in macaques; however, single extra nipples are occasionally seen on the ventral thorax below and aligned with the ipsilateral nipple (Speert 1948) .
Puberty
Development of the mammary glands is one of the first signs of puberty in human females, when nipple enlargement indicates entry into Tanner Stage B2 (Tanner 1952) . Similarly, nipple development in macaques is distinctive and precedes regular menstruation by several months (Golub et al. 2003) . Pubertal development of the breast begins with the rudimentary ductal tree established early in life and consists of rapid elongation and branching of major ducts to form a dense arborizing structure, which differentiates centrifugally with the most mature structures being near the nipple (Figures 2 and 4) . Distinct terminal end buds form the leading edge of mammary gland growth in human (Howard and Gusterson 2000) and macaque breasts; these structures are roughly 200 microns in diameter by 500 microns length and consist of a distinct "cap" or outer layer of myoepithelial cells, which express cytokeratin 14 and a central core of cytokeratin 18/16-positive luminal cells with a distinctive radial orientation and columnar morphology (Wood, Hester, and Cline 2007) . These structures strongly express both estrogen and progesterone receptors and intermittently express the proliferation markers PCNA and Ki67, presumably during periodic episodes of higher serumestrogen concentration. They are also highly invasive, eliciting a distinct surrounding region of loose, myxoid connective tissue ( Figures 6A and 6C ). Other structures prominent in the developing breast include primitive ducts with multiple layers of epithelium and nascent branching lobuloalveolar units ( Figures 5B and D) . Although the literature in humans is limited, a similar pattern of increased sex steroid receptor expression and rapid growth in the peripubertal breast has been documented (Bartow 1998; Howard and Gusterson 2000) .
The extensive lobular development occurring during puberty in primates is distinct from the relatively limited lobular development occurring in nulliparous rodents. Juvenile macaques that have just begun to menstruate in some cases have mammary glands that are widely populated by well-differentiated, densely Because the mammary gland of macaques grows so rapidly and invasively, care must be taken to avoid erroneously interpreting normal mammary gland development as hyperplasia or neoplasia, and the morphology of the breast must be considered in the context of the animal's stage of reproductive development. Furthermore, there is a high degree of individual variation in the pace of breast development, making animal-to-animal comparisons difficult, if not impossible, during this period. Pubertal development of mammary tissues in male macaques is not well described; however, transient glandular development (gynecomastia) has been noted ( Figure 6 ; J. Vidal, personal communication). Transient gynecomastia occurs in more than 50% of normal adolescent boys. The incidence of this change and the degree to which it may resemble breast developmental changes seen in human males (Lazala and Saenger 2002) or normal mammary glandular development seen in male rats (Cardy 1991) remain unknown.
Adult Breast
The Adult Nonlactating Breast: The breast of adult nonlactating animals consists primarily of a homogeneous pattern of mature type 2 lobules, and the "centrifugal" differentiation pattern seen during puberty is no longer apparent. Thus, in the adult breast, the degree of regional variation is small, and repeated breast biopsies can be taken with reasonable confidence of homogeneity (Cline et al. 1997 ). The sex steroid receptor expression profile in the adult macaque breast is similar to that described for the human breast (Khan, Bhandare, and Chatterton 2005) . Both estrogen receptors alpha and beta are expressed, with the latter being more abundant (Figure 7 ; Borgerink and Cline 2004; Cline 2007; Isaksson et al. 2002) . Estrogen receptor alpha is expressed multifocally in approximately 10% to 15% of breast epithelial cells, whereas expression of estrogen receptor beta is more diffuse, involving 50% or more of breast epithelial cells. Both of the known progesterone receptors (PR-A and PR-B) are expressed in the mammary gland; PR-A is the more abundant of the two, occurring in roughly 5% to 10% of epithelial cells, whereas PR-B is expressed in about 5% (Isaksson et al. 2003) . Androgen receptor is also expressed in the breast tissue of macaques (Cheng et al. 2005; Zhou et al. 2000) . Estrogen receptor alpha and progesterone receptors often co-express in the same cells, but steroid receptors do not co-express with the proliferation marker Ki67. Estrogen and progesterone receptors are also expressed in the skin at the tip of the nipple. For all receptors described here, expression in the periglandular stroma is occasionally but inconsistently seen. The effect of the menstrual cycle on proliferation in the breast is controversial; in the human breast, some investigators have found greater proliferation in the progesterone-dominated luteal phase of the cycle (Meyer 1977) , whereas others have shown more proliferation in the estrogen-dominated follicular phase (Vogel et al. 1981) . We have shown in macaques that cycle-related changes are small (less than a 6% difference in proportions of proliferating cells between luteal and follicular phases) and that there are compartmental differences in cellular proliferation in the macaque; ductal tissues proliferate more during the luteal phase, while lobuloalveolar tissues epithelium had higher proliferation during the late follicular phase (Stute et al. 2004 ). We also found that precise timing altered the result; when we compared the early follicular phase (day 5) to the mid-luteal phase, proliferative changes in both ducts and lobular epithelium were greater during the luteal phase (Wood, Appt, et al. 2006) . Seasonal changes in the mammary gland have not been explored; thus, although some species of macaques such as the rhesus have distinctly seasonal reproductive patterns (Walker, Gordon, and Wilson 1983) , no seasonal differences in hormonal responsiveness of the breast have been described. Cynomolgus macaques, in contrast to rhesus macaques, are not seasonal breeders (Dukelow, Grauwiler, and Brüggemann 1979) .
Lactation: The primary biological purpose of the breast is to secrete milk, and thus, the proliferative and secretory changes induced during pregnancy and lactation represent the final state of complete differentiation and function of the mammary glands. Gestation in macaques is approximately 150 days in length, and during this time, the breast, as in other mammals, undergoes extensive growth and differentiation under the influence of high systemic concentrations of estrogens, progestogens, chorionic gonadotropin, placental lactogen, and prolactin (Neville 1983) . In macaques, the change in volume of the glandular tissue is roughly tenfold to twenty fold, as a result of both epithelial proliferation and secretory distention of the ductal and alveolar system. Lobuloalveolar units are markedly increased in both number and size, and merocrine secretion of milk proteins, immunoglobulins, and fats is initiated. Macaques generally lactate for about twelve months (Buss 1971) , and during this time, ovulation is suppressed (Wilson et al. 1988 ). The milk of macaques is similar to human milk but with a slightly higher proportion of protein (Jenness 1979; Lonnerdal et al. 1984) .
Macaques generally bear single offspring, and it is interesting to note that the neonate typically has a strong and generally unchanging preference for one nipple or the other (Jaffe et al. 2006 ). The impact of this infant behavior on secretory activity FIGURE 7.-Typical patterns of sex steroid receptor expression and proliferation in the breast of a non-pregnant, intact 24-year-old female cynomolgus macaque. H&E (Hematoxylin and eosin); ER alpha (estrogen receptor alpha); (PR) (progesterone receptor); ER beta (estrogen receptor beta); and the proliferation marker Ki-67. (B-E) are immunohistochemical stains using Vector Red chromogen and a hematoxylin counterstain. Vol. 36, No. 7S, 2008 THE MAMMARY GLANDS OF MACAQUES 137S of the breast has not been fully explored, but presumably, the unused gland is less active and may undergo some degree of asymmetric involution. Postlactational involution of the breast in macaques is not well described, but parous animals examined months to years after the last lactation have breast tissue similar to that of nulliparous animals. Although there is not sufficient data currently to state that there is a persistent breast-cancer-protective effect of lactation in macaques, such an effect is likely given the many similarities to humans.
Senescence: In older macaques, after natural or surgical menopause, the mammary gland regresses into a ductal network with marked lobular atrophy and little proliferative activity. However, there is substantial variation in the amount of tissue remaining (Figure 8 ). Estrogen and progesterone receptor expression persists in surgically postmenopausal macaques up to at least six to seven years after ovariectomy, and the breast is responsive to exogenous hormonal stimulation by estrogens and progestogens beyond twenty-five years of age (Wood, Register, et al. 2006) . A variety of incidental lesions have been described in aging macaques, including cystic change (Cline 2007) , columnar cell change, apocrine metaplasia, ductal hyperplasia, lobular hyperplasia, and neoplasms of the breast including ductal and lobular carcinoma in situ and invasive ductal carcinoma (Wood, Usborne, et al. 2006) . Mammary gland carcinomas in macaques most commonly show a comedocarcinoma type of growth pattern, although micropapillary, solid, and cribriform patterns have also been described. Several of these findings are depicted in the "background findings" section of this issue.
EFFECTS OF HORMONE AND DRUG TREATMENT
The effects of estrogens, progestogens, and a variety of novel agents on the breast of macaques has been the subject of many original papers and reviews from our laboratory, and much careful and interesting work by other investigators. A detailed discussion of this entire body of work would be redundant with two recently published reviews from our group (Cline 2007; Cline and Wood 2005) . However, some specific patterns of effect are noteworthy and are summarized in Table  1 . In general, estrogens (estradiol, conjugated equine estrogens, ethinyl estradiol, and others) stimulate the breast to proliferate and induce expression of progesterone receptors and other "classic" estrogenic markers such as trefoil factor 1 (TFF1, formerly known as PS2; . A standard hormone replacement dose of estradiol is a more potent agonist than the standard dose of conjugated estrogens (Wood et al. 2008) . Progestogens alone in ovariectomized animals have little measurable effect on the breast, aside from down-regulation of estrogen and progesterone receptors ). The combination of estrogens and progestogens in the breast induces a greater proliferative response than do estrogens alone (Cline, Register, and Clarkson 2002; Cline et al. 1996 Cline et al. , 1998 , and in this regard, the macaque model corresponds to findings in women from the Women's Health Initiative, in which combined estrogens (conjugated equine estrogens) plus progestogen (medroxyprogesterone acetate) treatment increased breast-cancer risk to a greater degree than did estrogens alone (Anderson et al. 2006 ). The addition of a progestogen also reduces expression of estrogen-responsive markers such as progesterone receptor and TFF1. Some synthetic progestogens, such as medroxyprogesterone acetate, may be more stimulatory than micronized progesterone or alternative progestoges, such as norethindrone acetate (Suparto et al. 2003) . Use of intravaginal administration of progestogens does not reduce the response of the breast to progestogen (Wood, Sitruk-Ware, et al. 2007 ). Dietary isoflavone phytoestrogens show little to no evidence of stimulatory effects on the macaque breast but, at supradietary doses, may antagonize the proliferative response to co-administered estradiol (Wood, Appt, et al. 2006; Wood, Kaplan, et al. 2006; ). The effects of androgens on the breast are currently unclear; Dimitrikakis et al. (2003) showed acute down-regulation of estrogen-induced proliferation by androgen co-administration, but human-observation studies indicate that higher endogenous androgens are associated with higher breast-cancer risk (Hankinson and Eliassen 2007) . Selective estrogens such as raloxifene, lasofoxifene, and other novel agents have generally produced no effect on biomarkers in the breast (Sikoski et al. 2007 ), although, notably, the archetypal selective estrogen, tamoxifen, induces progesterone receptor ) and, in one study, induced proliferation (Zhou et al. 2000) in the macaque breast.
In general, we have found that the number of animals required to detect statistically significant differences in qualitative histopathologic findings in the mammary gland is higher than the typically very low number of animals used in toxicology screening. Therefore, to reduce the numbers of animals used, we have adopted a biomarker approach (Cline et al. 1996 Cline, Register, and Clarkson 2002) as well as novel study designs such as crossover designs or pretreatment biopsy (Wood, Register, et al. 2006; Wood, Sitruk-Ware, et al. 2007) to reduce the effects of interindividual variability. We strongly recommend that any study involving assessment of the mammary gland should be performed in postpubertal animals.
CONCLUSIONS
Mammary gland development and hormonal responses in macaques are complex issues and show a high degree of similarity to the human breast, particularly with respect to their responses to hormonally active pharmacologic agents. Careful consideration of developmental stage, reproductive history, and hormonal context is necessary in the evaluation of breast changes in macaques. The high degree of interindividual differences in macaques may require novel strategies for evaluation of hormonal effects-for example, the use of pretreatment biopsy or the use of hormone-response biomarkers. 
